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circadian clock that controls a wide range of localStobrawa, S.M., Breiderhoff, T., Takamori, S., Engel, D., Schweizer,
M., Zdebik, A., Bo¨sl, M.R., Ruether, K., Jahn, H., Draguhn, A., et al. rhythms (Besharse and Iuvone, 1983). The synthesis of
(2001). Neuron 29, this issue, 185–196. melatonin, rod-cone dominance, retinomotor move-
Valverde, M.A., Diaz, M., Sepulveda, F.V., Gill, D.R., Hyde, S.C., and ments, components of the electroretinogram, visual
Higgins, C.F. (1992). Nature 355, 830–833. sensitivity, gene transcription, and photoreceptor mem-
Wang, L., Chen, L., and Jacob, T.J.C. (2000). J. Physiol. 524, 63–75. brane turnover all exhibit persistent rhythms in constant
conditions (reviewed in Cahill and Besharse, 1995). Fur-
thermore, circadian clock properties have been local-
ized to retinal photoreceptors in both the African clawed
frog (Cahill and Besharse, 1993) and chicken (Pierce et
al., 1993). In the chicken, a rhythm of transcription ofCoupling an Activated MAP Kinase the cone photopigment gene (iodopsin) persists in dis-
sociated culture under constant conditions implicatingto Circadian Clock Output
cones as clock cells. Now Ko et al., using a similar
culture system, show that the Erk form of mitogen acti-
vated protein kinase and Ca21/calmodulin-dependentCircadian rhythms, generally detected as z24 hr oscilla-
tions in behavioral, physiological, or biochemical pro- protein kinase II (CamKII) are part of a signaling pathway
regulating a rhythm in the gating properties of the cGMP-cesses, are widespread in organisms ranging in complex-
ity from the blue-green algae to flowering plants and gated channel.
Using excised patches from the cell bodies of embry-man. Endogenous circadian clocks drive such rhythms.
Recently, the analysis of model organisms has resulted onic photoreceptors, Ko et al. show an z2-fold higher
affinity of the cGMP-gated channel for its ligand at night.in two major generalizations (reviewed in Dunlap, 1999).
First, circadian clocks appear to be cell autonomous The rhythm persists for at least 2 days in constant dark-
ness, can be entrained to light–dark cycles, and resultsoscillators. Even in multicellular systems where overt
physiological rhythms require intercellular signaling, from posttranslational modification of the channel. This
is the first report of a circadian rhythm at the primaryrhythm generation is fundamentally a cellular process.
Second, at their core circadian clocks involve self-sus- level of visual transduction, but its functional conse-
quences for vision are not entirely clear. The photore-tained oscillations in gene expression. For example, in
flies and mice, the bHLH transcriptional activators ceptors in this analysis lack fully formed outer segments,
but appear to be cones. The properties of the channelCLOCK and BMAL (also called CYCLE) drive transcrip-
tion of the clock genes Period, Timeless, or Crypto- match those of mature cones, and the cultures are en-
riched in cones. Assuming that a similar rhythm occurschrome. The resulting proteins dimerize (in different
combinations depending on the species) and inhibit in fully differentiated cones, the measured affinity differ-
ence could result in a notable difference in the photore-CLOCK/BMAL activated transcription. This alternation
of positive and negative regulation results in persistent ceptor dark current and responsiveness to light at differ-
ent times of day. It is also likely that events occurringrhythms of mRNA and protein, which represent the core
oscillation. at the level of photoreceptor transduction in cones could
contribute to more complex circadian changes seen inTo be physiological, relevant oscillations in clock gene
expression must be entrained (synchronized) to environ- the avian electroretinogram.
Ko et al. also demonstrate antiphasic rhythms in themental cycles such as light and must be coupled to
important output pathways (see figure). The molecular phosphorylated (active) forms of Erk and CamKII with
peak activities during the night and day respectively.details of signaling pathways coupling circadian clocks
to both inputs and outputs represents fertile ground This along with the finding that selective inhibition of
the phosphorylation and activation of Erk or CamKIIand data appear to be accumulating rapidly. A major
advance for photoreceptor clocks is reported by Ko et blocks changes in channel affinity in a manner depen-
dent on time of day, strongly suggests that Erk andal. (2001) in this issue of Neuron.
The retina has long been recognized as the site of a CamKII are components of a pathway that increases
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channel affinity at night and decreases it during the way to the clock. Although based on different systems
day. Interestingly, inhibition of Erk phosphorylation also that could use p-Erk signaling in different ways, these
inhibits rhythmic changes in CamKII, while inhibition of data raise the interesting question of whether p-Erk
CamKII phosphorylation does not affect changes in p-Erk. plays a role both as an “output” and an “input” of the
Based on this finding, the authors suggest that Erk is clock. Recent modeling of circadian clocks suggests
upstream of CamKII in a signaling pathway from the that rhythmic clock outputs can feedback onto the core
clock (see figure). oscillator to increase its overall stability (Roenneberg
The simplest and most plausible interpretation is that and Merrow, 2000). What is needed now is to determine
the cultured photoreceptors are cell autonomous oscil- whether p-Erk plays a role in both phase shifting and in
lators driving changes in Erk and CamKII to control phys- output pathways in the same cellular clock system.
iology at the level of the cGMP-gated channel. A poten-
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rhythmically controlled. Thus, one must look upstream
of MEK1, the enzyme responsible for activating Erk, or
to the phosphatases necessary for Erk dephosphoryla-
tion. It is also likely that cross-talk between Erk and other
signaling pathways is involved. For example, dopamine-
induced decreases in cAMP at night are known to medi- A System of Multimodal Areas
ate phase shifts in the core photoreceptor oscillator
in the Primate Brain(Hasegawa and Cahill, 1999), and the cAMP pathway
can lead to increased activation of Erk in some system.
Recent reports relating Erk activation to circadian
The primate cerebral cortex has traditionally been di-phase shifting suggests a more general role for p-Erk
vided into separate territories for vision, touch, auditionin clock cells. For example, a rhythm in p-Erk similar to
and movement. These functions are known to overlapthat reported by Ko et al. has also been seen in chick
in many parts of cortex, but until recently the regionspinealocytes. Here light acutely reduces p-Erk at night,
of overlap were not well studied. In this issue of Neuron,and inhibition of Erk phosphorylation appears to phase
Bremmer et al. (2000) report a major advance in under-shift the clock (Sanada et al., 2000). p-Erk has also been
standing at least one set of areas in the human brain inimplicated in circadian phase shifting in the mammalian
which the senses are integrated. This finding joins asuprachiasmatic nucleus (Obrietan et al., 1998). Interest-
growing set of work in monkeys and humans on theingly, cross-talk with a cAMP signaling system involved
integration of the senses with each other and with thein phase shifting (Ginty et al., 1993) may be of signifi-
control of movement.cance in the mammalian systems.
Vision, touch, and audition converge in many areasThe studies on phase shifting differ from that of Ko
et al. in that p-Erk is proposed to be in an “input” path- of the monkey brain, including the deep layers of the
